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ABSTRACT

Turbine vane surface temperatures were measured in a
linear cascade using an infrared non-contact thermal detec-
tor. A thermal barrier coating (TBC) was applied to the
vane surface to give a rough surface. The temperature drop
across the relatively thick TBC was used to determine heat
transfer coefficients. Tests were conducted over a range of
Reynolds and Mach numbers, resulting in large variations
in hydraulic roughness. The measured heat transfer rates
were significantly higher than were expected for a smooth
vane. The detector was mounted in a probe holder, and
traversed in a manner similar to that used for pneumatic
or hot wire probes. The results showed that this approach
gave useful information, and should be considered when
non-contact surface temperatures are desired.

Nomenclature
C - True chord
Cp - Pressure coefficient, (Py_1 — P)/(Pr_1 — P»)
Cx - Axial chord
h - Heat transfer coefficient
k - Thermal conductivity
ks - Equivalent roughness height
M - Mach number
Nu - Nusselt number, hCx /kg
q - Heat flux
Pr - Prandt]l number
R, - Roughness measure
Re - Reynolds number, p2V2Cx /2
s - Surface distance
trec - TBC thickness
Tu - Turbulence intensity,%
v - Velocity
T - Axial distance
€3 - Surface emissivity
7 - Molecular viscosity
p - Density
o - Stefan-Boltzmann constant
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Subscripts

AMB - Ambient

APP - Apparent

CONV - Convection

CORR - Corrected

cuU - Copper vane

G - Gas total

R - Recovery

RAD - Radiation

S - Surface

TBC - Thermal barrier coating

T - Total

1 - Vane row inlet

2 - Vane row exit
INTRODUCTION

As turbine inlet temperatures increase, the necessity
for accurate heat transfer predictions also increases. If
Reynolds number and roughness height are sufficiently
large, blade heat transfer increases above that for a smooth
blade. Accurate predictions of rough surface heat transfer
are needed, because increased external heat transfer results
in higher blade temperatures, especially if the roughness
is due to erosion. Even if the roughness is due to depo-
sition, blade temperatures can increase, since, the added
insulation of the deposition can be more than offset by the
increased rough surface heat transfer.

Experimental data for rough surface heat transfer have
been obtained using both deterministic and random rough-
ness geometry. Deterministic roughness geometry, used by
Stripf et al.[1], Barlow et al.[2], Hosni et al.[3], and by
Bogard et al.[4], among others, has the advantage of pre-
cisely known surface roughness profile. Random rough-
ness as used by Blair[5], Bons[6], Bons and McClain[7],
Boyle et al.[8], Abuaf et al.[9], and by Bunker[10], among
others, only allows for a statistical representation of the
surface roughness. Both types of roughness require that
the roughness geometry be transformed into an equivalent
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Fig. 1 Overall view of test section.
sand grain roughness, kg, for use in predictive tools.

Turbine blade surface roughness is due to either ero-
sion or deposition. Measurements for in service vanes and
blades by Tarada and Suzuki[11], Taylor[12], and Bons et
al.[13] show large variations in surface roughness. The
issue of how to convert measured surface roughness into
equivalent sand grain roughness has been addressed by
several authors. The simplest approach is that of Koch
and Smith[14], who give ks as a multiple of the center line
average roughness, R,. Since very closely spaced rough-
ness approximates a surface displaced by the height of the
roughness, it appears to be hydraulically smooth. Widely
spaced roughness elements can lose their effectiveness. To
account for this behavior, several correlations have been
proposed to determine kg from roughness measurements.
Bons|[6] proposed a correlation for the roughness height
based on the angle of the roughness trace. Sigal and Dan-
berg[15], Dvorak[16], Dirling[17], Waigh and Kind[18], and
van Rij et al.[19] have proposed correlations for determin-
ing ks from roughness measurements. In addition, van Rij
et al.[19] outlined a method for determining kg for sur-
faces with random roughness. Stripf et al.[1] used the cor-
relation of Waigh and Kind[18] to calculate ks for deter-
ministic roughness of truncated cones of several heights.
They also measured heat transfer for cones of the same
height with different spacing between cones. Their results
showed less sensitivity to spacing than was predicted using
the Waigh and Kind[18] correlation. For a given roughness
there is a significant variation in kg among the various cor-
relations.

Even if ks were known precisely, it is necessary to
match Reynolds numbers in order to predict the effects
of surface roughness in an engine environment. For this
reason the experiments reported herein were done using a
single roughness, and a wide range of flow Reynolds num-
bers in order to obtain a wide range of Re(ks). In these
experiments the roughness parameters are fixed, and kg is
constant, even though it may not be precisely known.

Increasing freestream turbulence shows the same ef-
fects on blade heat transfer as does increasing surface
roughness. Many investigators measured rough surface
heat transfer with high freestream turbulence levels in or-
der to better simulate actual engine operating conditions.
However, the tests reported herein were done with an inlet
turbulence level close to 1%. This low level was chosen in
order to better isolate the effects of surface roughness.

It is necessary to measure the surface temperatures of
a rough surface without disturbing the surface. Even thin
film thermocouples will distort the surface in the region
where they are applied. Hoffs et al.[20] used uniformly
applied liquid crystals to give a uniform roughness. But,
liquid crystals are often used for smooth blade heat trans-
fer measurements, and may not be sufficiently rough at
low Reynolds numbers. Infrared measurements were cho-
sen to measure surface temperatures. Different aspects of
film cooling have been studied using infrared cameras, by,
among others, Sargent et al.[21], Baldauf et al.[22], John-
ston et al.[23], and Sweeney and Rhodes[24]. Boyle et al.[8]
used a camera positioned externally to the cascade. How-
ever, the camera’s view of the test blade was partially



Table I. Vane Characteristics

Axial Chord, C | 5.18 cm

True Chord | 10.40 cm

Pitch | 8.26 cm

Span | 21.59 cm

Trailing edge thickness | 0.26 cm
Flow turning angle 75°

Table II. Operating range of test conditions

My | P_; |INLET Re(Cx) | EXIT Re(Cx)
(atm) x107° x10~°

0.3 0.34 0.030 0.117
1.36 0.121 0.466

0.9 0.34 0.060 0.255
1.36 0.239 1.021

Fig. 2, Test vane and passage.

obscured by adjacent blades. To overcome this limitation
an infrared detector was mounted in a probe. The probe
was traversed and rotated so as to view a heated blade
from several locations. Although the probe was mounted
out of the measurement plane, it was still in the flow field.
Therefore, a small diameter detector was used, and its out-
put was just a single temperature reading.

The work reported herein discusses surface heat transfer
measurements for a single rough surface vane at axial chord
exit Reynolds numbers between 0.12 and 1.0 x 105. Vane
exit Mach numbers were 0.3 and 0.9. Issues associated
with the use of an infrared temperature sensor are also dis-
cussed in order to demonstrate the validity of the measure-
ments. Comparisons are also made with two-dimensional
CFD heat transfer predictions.
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Fig. 3b Predicted and measured pressure coefficients, M,=0.9

DESCRIPTION of EXPERIMENT

Figure 1 gives an overall view of the cascade. The lin-
ear cascade has three vanes and four passages. Adjustable
tailboards are used to achieve periodicity for the two pas-
sages adjacent to the middle test vane. The original tests
for the cascade had pressure instrumentation on all three
vanes. These measurements were used to determine the
tailboard settings. In the current tests, only the outer two
vanes were instrumented with pressure taps. The cascade
true chord aspect ratio is 2.08. This high aspect ratio was
chosen to achieve two-dimensional flow in the mid-span
region, where the heat transfer measurements were made.
The cascade was supplied using pressurized air, and the
air exited into a low pressure altitude exhaust system. By
controlling inlet and exhaust valves, cascade Reynolds and
Mach numbers were varied independently. Tests were done
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Fig. 4 Heater and thermocouple locations
for suction surface test vane.

with inlet total pressures between 0.3 and 1.3 atms., and
vane exit Mach numbers of 0.3 and 0.9. Consequently,
the test Reynolds number varied by close to a factor of
ten, Further details of the cascade are given by Boyle and
Senyitko[25], and by Boyle et al.[§].

Vane characteristics are given in Table I. The vane co-
ordinates were given both by Boyle and Senyitko[25], and
by Schwab[26]. Figure 2 shows the test vane and adja-
cent vane. The incoming flow was axial, and was turned
approximately 75 degrees. Table II gives the range of test
conditions. The Reynolds number varied by nearly a factor
of nine. Re(C) is approximately double Re(Cx).

Figures 3a and 3b show the vane C, distributions
as a function of surface distance. The two Reynolds num-
bers distributions at each exit Mach number show that the
Reynolds number effects are small. Overall, the loadings
are conservative. The peak suction surface C;, is only 1.2
at the M, = 0.3, and is only about 1.1 at M5 = 0.9. While
the C}, distributions are similar, there is more diffusion at
the lower Mach number. At My = 0.3 the suction surface
is expected to transition from laminar to turbulent at a
lower Reynolds number. These data are for the smooth
vane. The predictions were done using the code RVCQ3D
run as a two-dimensional Navier-Stokes analysis. Calcula-
tions for the effects of surface roughness on pressure dis-
tribution showed no noticeable effect of roughness on the
pressure distributions. The code RVCQ3D has been doc-
umented by Chima.[27], and Chima et al.[28]. Predictions
of rough surface heat transfer were also made using this
code.
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Fig. 5 Infrared detector probe.

The heat transfer tests were done using a heated copper
vane. Figure 4 shows the vane instrumented to measure
suction surface heat transfer. The copper vane was under-
cut by 1.5mm, and a TBC coating was plasma sprayed onto
the copper. The conductivity of the TBC was measured
and found to be 0.808 W/m/K at 0C, and 0.860 W/m/K
at 100C. The measured deviation was £0.03 W/m/K. The
local heat flux was determined by measuring the temper-
ature of the copper and the surface temperature of the
TBC. The copper vane was heated using a combination of
rod and surface heaters. Two test vanes were used. One
had the TBC coating applied to the entire suction surface
and the front portion of the pressure surface. Figure 4
shows that this vane had two surface heaters applied to
the rear of the pressure surface. Surface, rather than rod,
heaters were used on the rear of the vane because down-
stream of the suction surface throat location the vane is
relatively thin. Also shown are the locations of thermo-
couples used to insure that the copper inner vane was at
a near uniform temperature. The copper vane extended
over the middle half of the span. Stainless steel end caps,
shaped to the outer vane profile, partially insulated the
heated vane section from the aluminum test chamber. The
end caps were also used to insure a uniform TBC thickness.
Measurements using an infrared camera showed very good
temperature uniformity in the spanwise direction for over
two-thirds of the heated span. Tests were run using various
copper temperatures, but the data reported were obtained
using a copper temperature near 100C. While TBC coat-
ings are used in engines at much higher temperatures, the
coating thickness is less than the 1.5mm thickness used in
these tests. The vane used to measure pressure surface
heat transfer was similarly constructed, except that the
surface heaters were applied to the suction surface.



Fig. 6 Profile measurement for portion of vane
surface.

Local vane surface temperatures were measured using
a Raytec MID10LT™ thermal sensor mounted in a probe
holder. This sensor is uncooled. Figure 5 illustrates the
probe arrangement, and shows the sensor inclined at an
angle of 35°. While the probe diameter at the sensor head
is larger than a typical three or five hole pressure probe,
being above the measuring plane minimized the flow dis-
turbance in the measuring plane. Surface temperatures
were measured by traversing the probe in two of the four
slots shown in figure 1. The upstream slot closest to the
vane,(z/Cx = —0.92), and the downstream slot farthest
from the vane, (z/Cx = 0.165), were used.

Since the IR probe was rotated as well as traversed in
the pitchwise direction, several data points were obtained
for each streamwise vane location. Each data point had a
different spot size. In the plane normal to the probe di-
rection the spot sizes were elliptical. Because of the probe
inclination, the major axis was in the spanwise direction.
Because of spanwise uniformity, only the width of the mi-
nor axis was significant. The probe had a nominal 1:10
spot diameter-to-distance ratio. When the probe axis was
normal to the vane surface, and the probe was 2cm from
the surface, the spot width was 2.5mm. At 5cm the spot
width was 5.5mm. When the surface orientation was 45°
to the probe axis the spot size increased by a factor of 1.4.

Roughness measurements. Three dimensional roughness
profiles were obtained using a Veeco Instruments WYCO
NT1000™ profilometer. Figure 6 shows a typical three-
dimensional trace. In this figure the maximum peak-to-
valley height was 104um. Peaks occur in the lower left
hand corner, and near the center of the trace. The high
center region extends for nearly 200um in each direction.

The R, values were between 10 and 14um for four sam-
ples. The RMS roughness varied between 13 and 18um,
while the maximum peak-to-valley height in each sample
was between 96 and 130um. Additionally, linear roughness
traces were made, which showed similar values for R,.

While the tests were conducted using a sprayed TBC
coating, the results are applicable where the roughness is
caused by deposition. Jensen et al.[29] in a discussion of
surface roughness gave ranges for the roughness height of
surface deposits. They showed a range of R, values be-
tween 17 and 32um, which is close to the values of the
TBC roughness used in the work herein. They reported
a range of maximum peak-to-valley height from different
sources as between 220 and 394um, which is somewhat
greater than the values near 100um for the TBC coating.

Using the Koch and Smith[14] approach to determin-
ing kg from the R, values gives ks values between 62 and
87um. A value of 87um for ks corresponds to a value of
ks/Cx of 17 x 10~*. If normalized by true chord, the value
would be reduced by half.

Determination of heat transfer coefficients. The local heat
transfer is calculated from the temperature drop across
the TBC coating to give the heat flux, and the temper-
ature difference between the surface temperature and the
adiabatic recovery temperature. Heat can be transferred
by both radiation and convection. The component due to
convection is used to calculate the heat transfer coefficient.

groraL = krec/trec(Tcu — Ts)

= gcoNV + grRAD

Since the measured value of eg is close to one, and the
surroundings also have a high emissivity, grap can be ap-
proximated by:

grap = oes(T§ — Ta)

The gas total temperature, Tg is used rather than the
recovery temperature, Tg because, the surroundings were
expected to be closer to Tg than to Tr. It will be shown
that the radiation heat flux was generally small compared
to the convective heat flux.

gconv = W(Ts —Tgr)

The adiabatic recovery temperature, Tg was calculated
from the measured inlet gas total temperature, Tg, and
the predicted pressure distribution, using the isentropic
relationships and a recovery factor of 0.896. As figure 3
showed, the predicted pressure distributions were in good
agreement with the measured pressure distributions.
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Fig. 7 Variation in h with measured parameters.

Uncertainty analysis. Figure 7 shows the contribution of
the various uncertainties to the overall heat transfer uncer-
tainty. The abscissa is the surface-to-gas temperature dif-
ference normalized by the copper-to-gas temperature dif-
ference. The ordinate is the percentage uncertainty in
h for a one percent uncertainty in the various param-
eters. The approximately three percent uncertainty in
krBc/tTBC results in the same percentage uncertainty in h
or Nu. However, a one percent uncertainty in the normal-
ized value for Tg results in a minimum uncertainty of four
percent. Doubling the temperature difference, Toy — Tk,
halves the uncertainty in kA due to an uncertainty in non-
normalized value of Ts. The minimum uncertainty occurs
when Toy — Ts = Ts — Tr. At smaller or larger tempera-
ture differences, the sensitivity to an uncertainty in 7Ty is
even greater. At low heat transfer coefficients the sensi-
tivity of h to Toy is large. But, the sensitivity rapidly de-
creases as the difference between Ty and Tg increases. For
nominal test conditions an abscissa of 0.3 corresponds to
Nu = 2500. An abscissa of 0.5 corresponds to Nu = 1060,
while an abscissa of 0.8 corresponds to Nu = 265.

To minimize the uncertainty in h, several approaches
were used to accurately measure T5. The primary calibra-
tion of the probe sensor was done by comparing the sensor’s
output with that of a black body thermal source. This was
done for temperatures between ambient and 100C. Addi-
tional verification was done by viewing the heated vane us-
ing both the probe sensor and an infrared camera. There
was good agreement between the calibrated sensor’s out-
put and the infrared camera’s reading when both devices
had the same emissivity setting. Imposing a temperature
difference of 5C between the sensor head and the probe
electronics, did not cause a significant indicated tempera-
ture change for the viewed object. This was done because
the test section inlet air total temperature was often as
much as 5C different from the ambient air temperature.
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Since the probe viewed objects at different temperatures
and emissivities during the tests, the response of the probe
to varying emissivities was needed. The Raytec™ sensor’s
electronic signal processor has an adjustable emissivity set-
ting. Figure 8 shows the response of a probe to various
emissivity settings when viewing a black body source at
100C. This particular sensor reads lower than the black
body by 7C when the black body is at 100C and the emis-
sivity setting is 1. As the sensor emissivity setting is de-
creased, the apparent temperature increases. Figure 8 also
shows a corrected black body temperature using the appar-
ent temperature and the emissivity setting. The corrected
temperature was obtained assuming that the net energy to
the sensor was independent of the emissivity setting. The
resulting equation is:

0.25
Tcorr = <GST§PP + (1.0 - 6S)TﬁMB)

As figure 8 shows, the corrected temperature is almost
completely independent of emissivity for a wide range of
emissivities.

To determine the surface temperature, the surface
emissivity must be known. Figure 9 shows measured emis-
sivity of a TBC sample as a function of wavelength. The IR
probe is sensitive in the 8 to 14 micron range. Integrating
the measured emissivity over this wavelength range gives
an average value of 0.957. Even though the test surface
temperatures are only between 20 and 100C, the variation
in the temperature weighted emissivity between these two
temperatures is small. At a temperature of 20C the cal-
culated emissivity was 0.978, and at 100C the calculated
emissivity was 0.983. For the IR detector to measure the
correct temperature using an emissivity of 0.98, the detec-
tor had to respond uniformly over all wavelengths
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number.

between 8 and 14 microns. Since there is a difference be-
tween the wavelength averaged emissivity of 0.957 and the
energy weighted emissivity of 0.98, the sensitivity of the
heat transfer coefficients to emissivity uncertainties was
calculated.

Figure 10 illustrates the ratio of Nusselt numbers as
a function of predicted Nusselt numbers for surface emis-
sivity variations of £0.05. The variations are very large.
These curves are primarily for illustration, since the ex-
pected uncertainty in surface emissivity is about +0.01.
When the assumed emissivity is 0.95, and the actual emis-
sivity is 0.90, the actual heat transfer is zero at a predicted
Nusselt number of 42. While the IR detector indicates a
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Fig. 11 Effect of radiation correction on heat trans-
fer.

small temperature drop across the TBC coating, in actu-
ality there is none. Only at very high Nusselt numbers
is the sensitivity to uncertainties in the surface emissiv-
ity small. The other item of note in this figure is that
doubling the gas-to-vane temperature difference results in
only a small reduction in the sensitivity to surface emis-
sivity. This is in contrast to uncertainties associated with
temperatures. Figure 7 shows that doubling the vane to
surface temperature difference halves the uncertainty in
heat transfer coefficient.

The surface temperatures used in this experiment
are greater than are typically seen in liquid crystal exper-
iments. Figure 11 illustrates that the radiation correction
can be significant at low Nusselt numbers. The radiation
correction was applied for all data points. At low Nusselt
numbers the temperature difference across the TBC insu-
lating layer is small, and figure 7 shows that temperature
uncertainties can be larger than the radiation correction.

DISCUSSION of RESULTS

The previous discussion showed that the measurements
can have significant uncertainty, especially at low Reynolds
numbers. However, there is no reason to believe that a bias
has been introduced into the measurements. Vane leading
edge region heat transfer data is compared with experimen-
tally derived correlations in order to validate the present
experimental measurements. The vane Nusselt numbers
in the leading edge region are in the midrange of Nusselt
numbers. The data of Stripf et al.[1] showed that increas-
ing surface roughness at constant Reynolds number served
to bring the suction surface transition location forward.
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Until transition due to roughness reaches the leading edge,
there was only a slight increase in leading edge heat trans-
fer for an inlet true chord Reynolds number,(Re(C)) of
1.4 x 10° or lower. When the Reynolds number was in-
creased to 2.5 x 10° there was an increase in leading edge
heat transfer of nearly 20%, over the smooth surface value
for the largest roughness height. This height was k/C =
8.5x10~%. This value corresponded to ks/C = 18.8 x 1074,
using the Waigh and Kind[18] correlation. The Koch and
Smith[14] correlation gave ks/C = 8.4 x 10~*. The maxi-
mum inlet Reynolds number for the results herein is nearly
twice the maximum value of Stripf et al.[1]. The Koch
and Smith[14] value for ks/C nearly equals their maximum
value. Tt is expected, therefore, that for our work the lead-
ing edge will not be affected by roughness for other than
the highest inlet Reynolds numbers.

Sanitjai and Goldstein[30] give a correlation for the
leading edge heat transfer for cylinders in crossflow at low
turbulence intensities. The form of the correlation is:

NUD = ngRe%5Pr0'35

The constant, Csg equals 1.11 at the stagnation point, and
0.945 for the average heat transfer between 0 and 85° from
the stagnation point. The spot size is not infinitesimal.
When the probe is directly in front of the vane, the in-
cluded angle of the spot is less than 20°. The stagnation
point value for Csg is more appropriate for comparison
purposes. Figure 12 shows the experimental leading edge
Nusselt numbers, and a line corresponding to the corre-
lations of Sanitjai and Goldstein[30] for the stagnation re-
gion. The abscissa is the effective Reynolds number, which
accounts for leading edge blockage. At higher Reynolds
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Fig. 14 Sample data at one flow condition.

numbers the measurements agree well with the correla-
tion. At lower Reynolds numbers, with their correspond-
ingly low Nusselt numbers, the data are significantly higher
than the correlation. Since the heat transfer is much more
sensitive to measurement uncertainty at low Nusselt num-
bers, this is not surprising. On the other hand, Hoffs et
al.[20] showed that the Frossling number, Nup/Re%5, de-
creased by about 10% as Rep decreased from 109,000 to
25,000 at low turbulence. They point out that their re-
sults are consistent with the correlation of Dullenkopf and
Mayle[31]. The leading edge diameter-to-axial chord ratio
is 0.286, giving Nu = 3.5Nup. The implication of figure
12 that vane chord Nusselt numbers may be over estimated
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by more than 20% for Nu < 350 is mitigated by the data
of Hoffs et al.[20], which imply that the overestimation is
only about 10%. As Nu increases the overestimation is
less. Fortunately, roughness effects are likely to be seen at
much higher Nusselt numbers. A fit to the experimental
data yields an exponent of 0.34, which is consistent with
the data of Hoffs et al.[20], but less than the 0.5 value of
the correlation.

Figure 12 also shows open symbols, where the experi-
mental data were recalculated using an emissivity of 0.97.
This shows high Nusselt number sensitivity to emissivity.
At low Reynolds numbers the recalculated data agree bet-
ter with the correlation. Accounting for the results of Hoffs
et al.[20], gives no overestimation at an emissivity of 0.97.

Heat transfer coefficients should be based on Tg, but are
sometimes calculated using 7. Figure 13 shows that using
recovery instead of total temperature reduces Nu by nearly
15% at Cp, = 1.25, when M> = 0.9 and Nu(Tg) = 2000.
Ratios are nearly linear in C,. Reducing M> to 0.3 is
equivalent to reducing C), by a factor of 6.7.

Figure 14 shows data for the case of My = 0.9 and
Res; = 766,000. Data were taken at different pitchwise
locations and different probe angles, and for traverses in
front of and behind the vane. Data are shown for both
test vanes, and there is considerable overlap in the leading
edge region. Several symbols are shown on the figure. Each
test vane or traverse has a unique data symbol. The same
symbol was sometimes used for more than one probe angle.
Not all data that were recorded are shown. If the sensor
saw both the background and the vane, the recorded tem-
perature was less than the true vane temperature. These
readings gave higher than actual Nusselt numbers, and
could be confidently eliminated because lower and consis-
tent Nusselt numbers were calculated from other probe
positions viewing the same vane surface location.
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Fig. 15b Experimental heat transfer for M> = 0.9.

Although not shown, tests with Tcy — T approx-
imately halved gave very similar Nu distributions. This
indicates that, while the sensitivity to temperature uncer-
tainties may be high, the actual temperature errors are not
large.

For each flow condition there are several hundred
data readings. There is also a very small, but unavoid-
able, variation in the spot location between different flow
conditions. In addition to slight angular and position vari-
ations, the aerodynamic forces on the probe vary with dy-
namic pressure. For the purpose of clarity, curve fits were
used to present the data results. Nusselt numbers at dif-
ferent Reynolds numbers can be relatively close. When the
flow is laminar, a 30% increase in Reynolds number yields
less than a 15% increase in Nusselt number.

Figures 15a and 15b show data for all Reynolds num-
bers at My = 0.3 and M> = 0.9. The pressure surface data
for the four Reynolds numbers at the lower Mach number
do not indicate a strong roughness effect. In contrast, the
pressure surface data at the two higher Reynolds numbers
at My = 0.9 indicate a strong roughness effect. In figure
15b very high heat transfer rates are seen for the last 40%
of the pressure surface. At similar Reynolds numbers the
shape of the pressure surface heat transfer distributions are
different between the two Mach numbers. Figure 3 shows
that the favorable pressure gradient starts earlier at the
lower Mach number. This is the likely cause of the dif-
ferent pressure surface heat transfer distributions. In an
overall sense, similar Reynolds numbers give similar heat
transfer rates for both Mach numbers. For the rear of the
pressure surface, Stripf et al.[1] showed only small increases
in heat transfer for all but their highest roughness. How-
ever, for that roughness the increase in heat transfer was
up to a 400% greater than the smooth vane, when the inlet
Reynolds number was also at a maximum.
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Fig. 16a Predicted heat transfer for M, = 0.3.

The consequences of the inevitable data scatter are
seen on the forward part of both the pressure and suction
surfaces. Figure 15b shows that increasing the Reynolds
number by a factor of four causes the leading edge heat
transfer to, as expected, double. Figure 15a shows that
at the lower Mach number the ratio in Nusselt numbers
is less. This is most likely do to a combination of higher
uncertainties and a reduced Frossling number consistent
with the data of Hoffs et al.[20]. Their leading edge data
agree with the correlation of Dullenkopf and Mayle[31].

On the rear half of the suction surface heat transfer
consistent with transition is seen at all Reynolds numbers,
even at Ms = 0.3. Beyond the throat, there is no longer a
favorable pressure gradient, and roughness is more likely to
cause transition. The rear of the suction surface sees very
high Nusselt numbers. Even for smooth vanes, very high
heat transfer rates near the rear of the suction surface have
been reported at low turbulence intensities. For example,
the data of Arts et al.[32] show this behavior.

Neither the raw data nor curve fits show a rapid
increase in suction surface heat transfer consistent with
abrupt transition. This could partially be due to the rel-
atively large spot size near the throat. The spot size ap-
proaches 0.4Cx in this region. Even though figure 14 shows
the spots closely spaced, there is a great deal of overlap be-
tween adjacent spots in a traverse. On the other hand, a
long transition length for a rough surface is consistent with
the data of Gibbings and Al-Shukri[33]. Their data showed
that at a turbulence intensity of 0.9% the transition length
for a rough surface is nearly four times longer that the
transition length at a turbulence intensity of 4.6%. Even
though their data is at turbulence intensities of 4 and 8&,
Stripf et al.[1] show transition lengths varying from very
abrupt to being an axial chord long. Lateral conduction
within the relatively thick TBC layer is not expected to
have smoothed out the Conduction heat transfer.
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Fig. 16b Predicted heat transfer for M, = 0.9.

calculations done with an abrupt external heat transfer
distribution did not show a significant smoothing out of
the heat transfer.

Figures 15a and b show that, for similar Reynolds
numbers, the Mach number effect on heat transfer is not
large for the rear of the suction surface. For these mea-
surements the probe was behind the vane. For the same
Reynolds number the aerodynamic loads on the probe at
M> = 0.9 are about three times greater than at My = 0.3.
The distortion of the spot location due to aerodynamic
loads does not appear to have been significant.
Computational results. Predictions for vane rough surface
heat transfer were in the main unsucessfull. Figure 16
shows the predictions. Roughness effects were incorpo-
rated using the algebraic roughness model of Cebeci and
Chang[34]. The code successfully predicted smooth sur-
face heat transfer under a variety of flow conditions, (Boyle
and Simon[35]). Since the tests herein were at low turbu-
lence intensity, the rapid increase in suction surface heat
transfer is the result of a roughness transition model. This
model was described by Boyle and Senyitko[25]. Clearly,
this model is at the heart of the disagreement between
measured and predicted suction surface heat transfer. The
short transition length in the model is not evidenced in
the data. Calculations are shown for different roughness
heights. No pressure surface transition was predicted. But,
the high Reynolds number data clearly show increased heat
transfer, consistent with transition.

At both exit Mach numbers predictions show smooth
surface, ks/Cx = 0, suction surface transition for the
two highest Reynolds numbers. Even though the high-
est Reynolds number at M, = 0.3 is about the same as the
second lowest Reynolds number at My = 0.9, the C, dis-
tributions are different. The differences in the C, distribu-
tions are the cause of the differences in transition behavior
at the same Reynolds number.




Calculations are shown for ks/Cx values of 0,8 x
107%,16 x 107*, and 25 x 10~%. Using the R, measure-
ments, the Koch and Smith[14] correlation gives ks/Cx
between 12 and 17 x10~*. The Koch and Smith corre-
lation is relatively easy to calculate. More importantly,
the sequence in which different roughness geometries de-
parted the smooth suction surface heat transfer curve in
the data of Stripf et al.[1] was better predicted using the
Koch and Smith[14] correlation, than by using the Waigh
and Kind[18] correlation.

At high Reynolds numbers calculations show only a very
small heat transfer increase between the two largest rough-
ness heights. In the Cebeci-Chang[34] roughness model
the increase in mixing length due to roughness reaches an
asymptotic value which depends only on flow conditions.

Very rapid roughness transition is predicted, even
though a roughness transition length model is used. The
data show a much longer transition length. The suction
surface heat transfer near the trailing edge is in reasonable
agreement with the data. This indicates that the cause of
the disagreement is not the roughness turbulence model.
The poor agreement before the trailing edge indicates that
the roughness transition model is in error.

After transition the predictions show a strong depen-
dency on the equivalent roughness height. Near the trail-
ing edge the results are in contrast with those of Stripf et
al.[1]. In their work all suction surface heat transfer dis-
tributions return to the smooth surface values just prior
to the trailing edge. The figure 16 shows increased in heat
transfer with roughness all the way to the trailing edge.

Roughness models, whether they be algebraic or two
equation, (eg. Wilcox[36], Aupoix and Spalart[37]) depend
on knowing the equivalent roughness height. The equiva-
lent roughness height is determined from roughness mea-
surements using correlations. As mentioned earlier, sev-
eral correlations for determining the equivalent roughness
height have been developed. The choice of which correla-
tion is appropriate is still somewhat problematic. Stripf et
al.[1] tested vanes with deterministic roughness, and cal-
culated equivalent roughness heights using the correlation
of Waigh and Kind[18]. The tests showed a strong influ-
ence of surface roughness on vane suction side heat trans-
fer. However, the Waigh and Kind[18] correlation did not
accurately predict the increase in heat transfer. Higher
equivalent heights did not consistently result in either ear-
lier transition, or higher heat transfer rates.

CONCLUDING REMARKS

This work showed that probe mounted thermal detec-
tors can be used to map vane surface temperatures in a
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cascade environment. Accurate surface temperatures using
infrared measurements were highly dependent on knowl-
edge of surface emissivity. In this experiment the accuracy
of lower Nusselt numbers were sensitive to accurate surface
temperatures. Comparisons with the data of others showed
that the heat transfer measurements were reasonably ac-
curate, and consistent with other experimental results.

These experiments were conducted at a turbulence in-
tensity of 1%. The vane heat transfer distributions were
different in shape from those measured be others at a
higher inlet turbulence intensity. This illustrates the de-
sirability of measuring rough surface heat transfer with
turbulence levels and scale consistent with engine condi-
tions.

A reduced spot size-to-chord ratio would be helpful.
Besides increasing the chord, narrowing the field of view,
or reducing the probe diameter would be useful. A reduced
probe diameter would allow the probe to get closer to the
blade surface, and would lessen the twisting forces on the
probe. The latter being important in high speed flows.

Heat transfer rates in the leading edge region, and
for the first quarter of both the suction and pressure sur-
faces were consistent with predictions for smooth surface
laminar heat transfer. Because of the low turbulence inten-
sity, predictions for a smooth pressure surface gave laminar
heat transfer over the entire range of Reynolds numbers. In
these predictions the heat transfer level is approximately
constant over the rear half of the pressure surface. The
data, however showed increasing heat transfer in this re-
gion. At the lower Reynolds numbers the pressure surface
heat transfer leveled off near 80% of the pressure surface
distance. At higher Reynolds numbers the pressure sur-
face Nusselt numbers increased continuously to the pres-
sure surface trailing edge.

Because predictions are sensitive to ks, accurate means
of determining kg from roughness measurements need to
be verified.

Heat transfer on the rear portion of the suction surface
was similar to that on the rear of the pressure surface.
In all cases heat transfer rates increased from a minimum
value near midway on the suction surface. No plateau was
seen in the suction surface heat transfer rates, even at the
lowest Reynolds numbers. Very high heat transfer rates
were seen near the rear of the suction surface. At the
highest Reynolds numbers, the experimental heat transfer
rates near the rear of the suction surface were nearly twice
the leading edge rates.
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